Inositol pentakisphosphate 2-kinase catalyzes the phosphorylation of the axial 2-OH of myo-inositol 1,3,4,5,6-pentakisphosphate for de novo synthesis of myo-inositol hexakisphosphate. Disruption of inositol pentakisphosphate 2-kinase profoundly influences cellular processes; from nuclear mRNA export and phosphate homeostasis in yeast and plants, to establishment of left-right asymmetry in zebra fish. We elaborate an active site fluorescent probe that allows high throughput screening of Arabidopsis inositol pentakisphosphate 2-kinase. We show that the probe has a binding constant comparable to the K m values of inositol phosphate substrates of this enzyme, and can be used to prospect for novel substrates and inhibitors of inositol phosphate kinases. We identify several micromolar K i inhibitors and validate this approach by solving the crystal structure of protein in complex with purpurogallin. We additionally solve structures of protein in complexes with epimeric higher inositol phosphates. This probe may find utility in characterization of a wide family of inositol phosphate kinases.
INTRODUCTION
Inositol pentakisphosphate 2-kinase (IP5 2-K) catalyzes the phosphorylation of the axial 2-hydroxyl of myo-inositol 1,3,4,5,6-pentakisphosphate 1 and its deletion in mice is embryo lethal 2 . The single yeast ortholog, named IPK1, was identified as one of three genes that complement a synthetic lesion in mRNA export from the yeast nucleus 3 , a phenotype that has been confirmed in plants 4 . Knockdown of the gene disrupts left-right asymmetry in zebrafish 5 and in plants disruption reduces the accumulation of inositol hexakisphosphate in vegetative and storage tissues 6 , where it accumulates to several percent of seed dry weight 7 . More recently, inositol pentakisphosphate 2-kinase has received considerable attention as the enzyme responsible for the metabolic connection between receptor-activated inositol phosphate metabolism and the metabolism of an emergent class of signaling molecule, the diphosphoinositol phosphates 8 , albeit a class of molecule described in the early 90's 9 . In yeast, disruption of IPK1 leads to the accumulation of PP-InsP 4 10 , a molecule not identified in plants.
While the study of inositol pentakisphosphate 2-kinase has been aided by high resolution description of crystal structure for plant 11, 12 and mammalian 13 enzymes which elucidate folding motions that accompany catalysis 11, 12, 14, 15 , probes of the active site have yet to be described. This limits study to coupled enzyme assays 12, 15 , to end-point assays 11 or assays that demand HPLC separation of products, commonly radiolabeled 16 . The latter two approaches do not allow for real-time measurement, while the former is easily confounded by interferences. An additional complication is the lack of known inhibitors of the enzyme, something that could be obviated with development of a high-throughput screening method. Here we report a small molecule active site probe of Arabidopsis thaliana inositol pentakisphosphate 2-kinase (AtIP5 2-K) which may find utility in characterization of this family of enzymes.
Fluorescent derivatives of phosphoinositides have been exploited in commercial assays of phosphoinositide phosphatases. In one such assay, the PtdIns(3,4)P 2 product of end-point 5-dephosphorylation of PtdIns(3,4,5)P 3 , when added to a synthetic BODIPY-tagged PtdIns(3,4)P 2 , competes for binding to a PtdIns(3,4)P 2 -specific binding protein, assayed by change in fluorescence anisotropy or polarization 17 . We rationalized that a fluorescent -tagged inositol pentakisphosphate, 2-FAM-InsP 5 18 may, in contrast, work directly as an active-site ligand for inositol phosphate kinases that accommodate inositide and nucleotide co-substrates in relatively large (volume) active sites or in enzymes such as inositol pentakisphosphate 2-kinase which show ligand-induced folding motions that accompany catalysis 14, 15 . To date, this and similar molecules have been used only as ligands of inositol phosphate-binding proteins such as the IP 3 receptor 19 and the histone deacetylase, HDAC4, which binds D-Ins (1, 4, 5, 6 )P 4 between itself and its cognate partner 20 . We further rationalized that IP5 2-K, which lacks phosphatase activity 21 , would, in the absence of nucleotide, be unable to dephosphorylate the fully substituted inositol ring of the probe or phosphorylate it. Among proteins with inositol phosphate kinase or diphosphoinositol phosphate kinase activity, dephosphorylation of the fully phosphatesubstituted ring is the exclusive catalytic property of inositol hexakisphosphate kinase 22 and diphosphoinositol phosphate kinase, the latter additionally possessing a distinct phosphatase domain 23, 24 .
RESULTS AND DISCUSSION

2-FAM-InsP 5 binds to AtIP5 2-K
2-FAM-InsP 5 was incubated at 25 °C for 10 min with AtIP5 2-K and polarization of the probe measured as a function of protein concentration ( Figure 1B ). The increase in polarization from a machine-set value of 35 mP for unbound probe was fitted to a 4parameter logistic function yielding an EC50 of 63±0.6 (mean, se) nM for AtIP5 2-K. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 used as a receptor for docking of 2-FAM-IP 5 (yellow Figure 1 ). This value is considerably lower than the K m (22 µM for InsP 5 ) 21 , but is similar to the K d (for InsP 5 ) of 0.6 µM obtained by isothermal calorimetry 14 . 2-FAM-InsP 5 was clearly a poorer probe for AtITPK4, a protein whose presumed ATP-grasp structural fold is shared not only with plant ITPKs that show phosphotransferase activity 29 , but also with mammalian (PPIP5K), and yeast/plant diphosphoinositol phosphate kinases 24, 28 .
2-FAM-InsP 5 is an active site ligand of AtIP5 2-K
As the inositol moiety lacks a free hydroxyl group that might provide a site for phosphorylation, we tested whether the probe was a substrate for the inositol phosphate-ADP phosphotransferase activity of AtIP5 2-K 1 . Incubation of enzyme with 2-FAM-InsP 5 and ADP revealed a time-and 2-FAM-InsP 5 -dependent conversion of ADP to ATP monitored by HPLC by increase of ATP ( Figure 1C ). Thus, despite the absence of an 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 axial phosphate, the molecule is a substrate for phosphotransfer to ADP as acceptor;
though the reaction was considerably slower than that using InsP 6 substrate, yielding 0.82% and 3.3% conversion of ADP to ATP for 2-FAM-InsP 5 and InsP 6 , respectively, over 12h. We posit that the protein-ligand interactions required for accommodation of the planar fluorescein moiety of the 2-FAM-InsP 5 force one or more equatorial phosphates into positions which allow catalysis. In the presence of ATP, the enzyme did not phosphorylate the probe (data not shown). In an attempt to confirm that 2-FAM-InsP 5 binds to the active site of AtIP5 2-K we undertook extensive cocrystallization and ligand soaking experiments, but were unsuccessful.
In silico docking supports active site binding of 2-FAM-InsP 5
Since crystallographic data confirming the binding of 2-FAM-InsP 5 to AtIP5 nomenclature 12 ) and E205 (CIP-I lobe 12 ), suggesting the active site in the closed conformation can accommodate 2-FAM-InsP 5 . Whilst the result of docking using the half-closed structure as receptor was consistent in terms of placement of the FAM moiety, the binding modes for the open (apo) structure were more variable and did not consistently place the inositol ring in the same position as that of myo-InsP 6 (Supporting Information Figure 2 ).
AtIP5 2-K accommodates neo-and D-chiro-inositol hexakisphosphate substrates
Having determined 2-FAM-InsP 5 to be an active site ligand, we sought to establish its utility in reporting the binding of other epimers of higher inositol phosphates to AtIP5 2-K, prior to prospecting for novel substrates of the enzyme. While highly phosphorylated isomers of other inositols are widespread in nature 30 , the underpinning enzymology is not described 31 . We initially tested the ability of a range of inositol phosphates to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 The known kinase substrate myo-Ins(1,3,4,5,6)P 5 and kinase product myo-InsP 6 yielded EC50 values (mean, standard error) of 18 ± 1 and 959 ± 1 nM, respectively, reflecting the acceptance of these molecules as substrates for kinase and phosphotransferase activities, respectively ( Figure 3 ). AtIP5 2-K has been shown to phosphorylate the axial 2-hydroxyl of myo-inositol phosphate substrates, D-Ins(1,4,5,6)P 4 , D-Ins(3,4,5,6)P 4 , Ins(1,3,4,6)P 4 and Ins(1,3,4,5,6)P 5 11, 12, 14, 15, 21 . We recently showed that neo-inositol 1,3,4,6-tetrakisphosphate and D-chiro-inositol 2,3,4,5-tetrakisphosphate are substrates for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the kinase activity of AtIP5 2-K , while D-chiro-inositol 1,3,4,6-tetrakisphosphate is not 32 . The first possesses axial hydroxyls on the 2-and 5-positions, the second has axial hydroxyls on the 1-and 6-positions, while the third has no axial hydroxyls 31 . In the current study, D-chiro-InsP 6 and neo-InsP 6 displaced 2-FAM-InsP 5 with EC50s of 4496 ± 1 nM and > 500 ± 0.5 µM, respectively, ( Figure 2 ) and proved to be substrates for inositol phosphate-ADP phosphotransferase activity ( Figure 3 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
Crystal structures of AtIP5 2-K in ternary complex with myo-, neo-and D-chiroinositol phosphates
To address the structural determinants of reactivity towards these novel substrates of the inositol phosphate-ADP phosphotransferase activity of AtIP5 2-K, we undertook cocrystallization experiments with these compounds in the presence of ADP. We are not aware that neo-and D-chiro-inositol phosphates have been identified as protein ligands in the PDB. Crystal structures were obtained in space group P1 at a resolution of 3.0 Å for the complex with D-chiro-InsP 6 (PDB entry 6GFG) and at 2.65 Å for neo-InsP 5 (6GFH) ( Figure 4 and Supporting Information Table 1 ). To provide reference points for analysis, we also solved the structures of the ternary complexes of AtIP5 2-K with myo-InsP 6 and ADP (2.03 Å resolution; PDB entry 6FJK) and with myo-InsP 5 and ADP (2.36 Å resolution; PDB entry 6FL3). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 neo-Ins (1, 3, 4, 5, 6) Table 3 ). In the structure of the complex with myo- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 residues of the N-I and C-lobes, and 0.48 Å over the entire protein, 391 residues (Supporting Information Table 2 ). The positions of ligand-and coenzyme-binding residues were also preserved: the RMSD for inositide contact residues was 0.42 Å whilst that for nucleotide contact residues was 0.25 Å (Supporting Information Table 4 ).
For crystals grown in the presence of neo-InsP 6 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 enzyme-ligand complexes, also retain contacts between phosphate and at least two of the trio of lysines, Lys168, Lys170 and Lys200, that co-ordinate P2 and 1D-P6, P5 and 1D-P6, and 1D-P6 of myo-InsP 6 , respectively 12, 33 , suggesting that these residues are major determinants of recognition of other (including epimeric) higher inositol phosphate substrates of the enzyme. Other residues that make contacts with myo-InsP 6 are involved in recognition of neo-InsP 5 and/or D-chiro-InsP 6 , albeit via contacts to differently numbered phosphates of the ligand (Supplementary Information Figure 5 ). Thus, Tyr419, which contacts 1D-P4 in the myo-InsP 6 complex, contacts P3 in the neo-InsP 5 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 samples of unbound probe (with machine set value of 35 mP) and 'fully-bound' probe (reaching 350 mP) yielded a Z'-factor 34 of >0.9. An initial screen yielded a hit rate of ≈ 1 % at polarization value < 150 mP, more than 9 standard deviations removed from the mean of the 'fully-bound' value ( Figure 5 ). A number of initial 'hits' were discarded on analysis of their optical properties at the concentration used, either absorbance or fluorescence, or on subsequent preliminary dose-response analysis. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  inhibition of IP5 2-K by purpurogallin, 5,6 Figure   6B ).
Ternary structure of AtIP5 2-K with purpurogallin and ADP
We also sought to verify active site binding of ligands by X-ray crystallography.
Cocrystals obtained with purpurogallin at 5 mM gave a structure for the enzyme plus bound ADP which, when refined using data to 2.1 Å resolution (Supporting Table 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 'planarity' of myo-inositol, see 36 ). A number of specific protein-ligand interactions are revealed ( Figure 7 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 For ligands of modest affinity such as purpurogallin, careful analysis of the fit of the ligand to electron density maps is important. Consideration of a combination of real space correlation coefficients, real space R-factors and temperature factor data is necessary to assess protein-ligand model quality 37 . These crystallographic statistics for purpurogallin (and for the other ligands described above) are presented in Supporting Information Table   5 . The validity of our interpretation for purpurogallin is supported by the observation that the enzyme is found in the 'closed' conformation previously only observed when in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ternary complex with inositol phosphate ligands and nucleotide. For example, the RMSD against the complex with myo-InsP 6 (PDB entry 6JFK) is 0.60 Å for 397 residues (Supporting Information Table 2 ), while the RMSDs between the inositide-and nucleotide-coordinating residues of the two structures are 0.52 Å and 0.35 Å, respectively (Supporting Information Table 4 ). Additionally, Gly254 and Glu255 (strand L3) form interactions respectively, with Arg130 and Trp129 (helix α6), interactions serving as hallmark features of the 'fully-closed' form of the enzyme 14, 15 . Significantly, all published inositide ligand-free structures (i.e. those binding only nucleotide) adopt the 'half-closed' conformation 15 . These data, with those of Figures 5 and 6 , reveal a rationale for design of inhibitors that trap protein in the fully closed (ordinarily, inositideand nucleotide co-liganded) state.
Inhibition of labeling of inositol phosphates in vivo
Finally, to assess the potential of compounds identified by our HTS screen to inhibit 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 chaetochromin reduced the InsP 6 -ADP ratio, from 1.33 ± 0.08 to 1.04 ± 0.03 (n=3; t-test P = 0.0042) and 1.01 ± 0.11 (n=3; t-test P = 0.0152), respectively, indicative of inhibition of AtIP5 2-K ( Figure 8 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 We have elaborated a fluorescent probe of the active site of inositol pentakisphosphate 2kinase. Screening with which allows identification of potential substrates and inhibitors, confirmed by ligand-binding assays and validated by crystallographic analysis of substrate-enzyme and inhibitor-enzyme complexes. While little attention has been given to the biology of inositol phosphates other than those derived from myo-inositol, other higher inositol phosphates, neo-inositol hexakisphosphate, D-chiro-inositol hexakisphosphate and scyllo-inositol hexakisphosphate are abundant in soils 30 ,39 . It is possible that they are synthesized by pathways that employ orthologs of IP5 2-K. Indeed, neo-inositol hexakisphosphate and neo-diphosphoinositol phosphates are found in amoeboid organisms 40 . The present work identifies tools for the characterization of enzymes that bind highly phosphorylated inositols and provides a rationale for phosphorylation and dephosphorylation of other epimeric higher inositol phosphates by a ubiquitous metazoan enzyme.
We further show the assay to be amenable to high-throughput screens, and in identification of a ligand that locks the enzyme in the 'fully-closed' conformation provide a basis for ligand-based drug discovery programs using these structures as templates for discovery of potential new pharmacophores that could target higher inositol phosphate metabolism. While the active sites of numerous inositol phosphate kinases are decorated with basic residues that dominate interactions with highly polar inositol phosphate ligands, our work illustrates how the same residues can be recruited to bind ligands of wholly unrelated structure, perhaps rendering such proteins 'druggable'. Finally, we establish the principle of the use of fluorescence polarization-based direct competition assays on inositol phosphate kinases and inositol phosphate-nucleotide 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 phosphotransferases of ATP-grasp and IPK folds. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 wells and polarization of the probe was measured at 25°C. Data were rendered in ggplot2 25 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 incubated with enzyme and nucleotide for 20 min before addition of inositol phosphate to start the assay.
EXPERIMENTAL SECTION
Chemical synthesis
Fluorescence polarization assays
HPLC
Radiolabeling of Arabidopsis seedlings
Arabidopsis thaliana seedlings (ecotype Col-0) were radiolabeled with 370 kBq of 32 P orthophosphate in media containing 10 µM KH 2 PO 4 and processed according to 38 .
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